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Abstract 
The main goal of the present paper is to propose the use of a two-reservoir solar domestic hot water system 
(SDHWS), to reduce the electric energy peak due to the extensive use of electric showerheads (ESH) in dwelling. 
The proposed SDHWS is designed for low-income dwelling in Brazil. The electric energy demand profile due to 
these houses are obtained from data collected from a fully monitored sample of ninety houses, in the frame of a two 
years long experiment reported in previous papers. The SDHWS is designed with the help of software TRNSYS, by 
using typical meteorological year (TMY) data available for Brazilian capital cities. The TMY data is available at the 
SWERA database. The TMY data are modified so that the meteorological data profile of any day is used as the 
forecast data for the day after. The auxiliary energy is supplied to a backup tank in the early hours of the day 
whenever the solar radiation distribution is expected to have low availability for the solar system. The backup tank 
volume is optimized in order to get the maximum reduction of the electric energy peak. The paper reports 
characteristic plots of the frequency of days the energy peak demand in the critical time between 6:00PM and 
9:00PM is required, against the energy peak reduction fraction, for different overloads in comparison to a reference 
fixed load distribution. 
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1. Introduction 
 Brazil is one of the few countries in the world where extensive use of electric energy is allowed for  
ESH in houses. The National Electric System SIN (Sistema Interligado Nacional) records every day the 
measured electric energy consumption data for the whole country. The data allows one to estimate that 
around 4 GW is allocated to support the ESH energy demand during the critical time between 6:00PM 
and 9:00PM. The ESH is responsible for about 43% to the energy peak of houses energy demand over the 
country. These devices are thermodynamically inefficient, for they virtually convert exergy to heat, while 
they deplete the quality of the energy supply to houses by degrading the electrical current harmonic. An 
effective way to reduce the electric energy peak has been to give subsidy to install low cost SDHWS 
conjugated to ESH. Among several types of SDHWS currently commercialized in the global market, no 
system exists capable to fully reduce the ESH energy peak demand, by shifting the auxiliary energy to a 
time period of lowest cost of the electric energy offered by utility companies.  
  
The unsolved problem of misuse of electric energy for hot water supply in houses in Brazil has 
brought attention of many researches. In [1] the authors have focused on the study of the energy demand 
of low-income dwelling in Brazil. The study is based on data collected in a large scale experiment 
considering ninety monitored houses, sixty of them supplied with SDHWS specially designed to be 
conjugated to ESH [2]. In the mentioned experiment, the ESH play the role of auxiliary heaters (passage 
heaters). A parametric study is carried out, from which the authors presented plots of energy saved 
respective to the different monitored groups considered. The assessment of figures about the economic 
viability of low-cost SDHWS is carried out in [3]. These references enables one to conclude that the 
extensive use of SDHWS to reduce the electric energy consumption in the critical time mentioned above, 
brings economical benefits for both, the users and the utility companies in Brazil. However, even the 
extensive use of SDHWS, for many regions of Brazilian territory, do not guarantee that the electric 
energy peak demand due to ESH can be effectively reduced. The occurrence of days of low incoming 
solar radiation leads to unpredictable electric energy demands in ESH and therefore, a substantial portion 
of the electric energy generated must be provided. A way to totally reduce the ESH power demand during 
the above mentioned critical time, is to install SDHWS properly designed, so that the auxiliary electric 
energy demand could be shifted to the early hours of each day, whenever non utilizable solar energy is 
forecasted. This can be accomplished by designing a SDHWS with two energy storage tanks, one of 
which directly connected to the solar collector and the other one playing the role of a backup reservoir. 
The backup reservoir volume has to be optimized, in order to minimize the auxiliary electric energy 
consumption in the time period during which the lowest electric energy price is offered in the free market. 
In order to suppress the electric energy demand of ESH in the critical time, auxiliary energy is supplied to 
the backup tank, according to forecast information on the solar day, either from forecast algorithms 
anchored on a meteorological ground station at a site, or by using mesoscale weather forecast information 
within an horizon of 24h, which is nowadays worldwide available.  
 
The present paper focuses on the simulation of a two-reservoir SDHWS, in the frame of the software 
TRNSYS [4], by using the TMY database of SWERA [5]. The chosen test site is one of the sites of 
lowest incoming solar radiation and highest variability among the sites for which TMY is available. In 
this respect, the city of Florianópolis (27,6o S, 48,55o W) is chosen as a representative test site for 
simulation and optimization purposes. The full results and conclusions drawn from extensive simulation 
and optimization carried out for several Brazilian sites is reported in [6]. Partial results of [6] is reported 
in [7].  
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2. Brazilian solar resources 
The incoming solar radiation over the Brazilian territory has been evaluated and validated in the frame 
of SWERA project, against data collected in SONDA Ground Surface Network [8]. Figure 1 shows the 
daily average of global horizontal incoming solar radiation on the Brazilian territory. As the map shows, 
at the chosen target city of Florianópolis (in the middle of the bluest region), the incoming average solar 
radiation is around 4.5Wh/m2 day, which can be seen to be close to the lowest level shown in the 
respective table. On the other hand, the variability map on the right shows that the target city exhibit a 
high variability, compared to the highest variability seen in the extreme south of the country. 
 
 
Fig. 1. Maps of the annual average of incoming global horizontal solar radiation (left) and its variability in Brazil (right) 
3.  Daily electric energy peak demand due to ESH 
Figure 2 gives the hourly electric energy consumption in Brazil, respective of a normal day (blue 
curve) and the day of the soccer game of Brazil against Croacia (pink curve) during the 2006 Soccer 
World Cup. The large difference between the blue curve and the pink curve is due to the fact that almost 
all the economical activities in Brazil gradually stopped at near 1:00PM on the day of the game. It can be 
assumed here that most people went to their houses and watched the game, by the reason that it was the 
world cup opening game. As can be seen in this figure, the two energy minima clearly suggests that the 
game happened between 4:00PM and 6:00PM. The difference between the two curves in the peak located 
around 6:25PM is around 4GW. By assuming also that most part of the people took their shower before 
the game, the difference of 4GW might be due to the ESH energy demand that is expected to occur in 
normal days. Therefore, the Brazilian electric power system (SIN) is obliged to allocate a hydropower 
supply around 4GW, in order to support the energy demand of ESH in the critical period considered. 
Even considering the scenario of low Brazilian economy increase in the next years, it is expected that the 
electric energy demand due to ESH will also increase, because the number of houses supplied with ESH 
is expected to increase as well. 
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On the point of view of the First Law of Thermodynamics the electric showerhead is a very efficient 
energy converter, for it converts 100% of electric energy to heat. On the other hand, on the point of the 
Second Law, it destroys all the exergy. Therefore, extensive use of ESH in Brazil, besides its low cost 
(around US$ 30.00), is a non-rational and inefficient way to supply hot water for domestic use. 
Furthermore, a considerable investment in electric energy generation, transmission and distribution to 
support the ESH energy demand is required. 
 
 
Fig. 2. Load curve for typical day compared with the load curve respective to the day the Brazilian soccer team played against 
Croacia in the opening game of 2006 World Soccer Cup 
4. The SDHWS concept 
4.1. Flat plate collector considered 
The solar collector chosen is unglazed manufactured with UV stable plastic material, commercialized 
in the Brazilian market. The collector efficiency is correlated by a straight line according to the following 
equation 
TainLRnR I)TT(UFK)(F  WDWDK   (1) 
where 730.)(F nR  WD , Km/W.UF LR 2319 , and WDK  is the modified angle factor of the collector 
which is expressed as )cos/(bK o 111  TWD , where T  is the incidence angle. The collector constants 
are determined by a collector test according to ISO 9806 Standard, where the quadratic coefficient is 
made equal to zero. The collector cost is relatively low in comparison with the currently manufactured 
good quality collectors, which explains the relatively high value of its heat loss factor. It should be taken 
in mind that in most part of the central and northern region of Brazil, the average annual ambient 
temperature is considerable higher then the ambient temperature of European countries and therefore, the 
collector heat loss is rather low for most part of the Brazilian territory.      
4.2. The system concept 
The basic components of the proposed SDHWS are shown in the flowchart of Fig. 3. The system 
consists of a thermosiphon loop connecting the solar collector and the main storage tank. The collectors 
storage tank is connected in series to the backup tank. The backup tank is provided with an auxiliary 
electric heater, which is controlled in order to supply hot water for all days of the year. The hot water 
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provided by the backup tank is mixed with could water supplied by the public water line through a 
thermostatic mixing valve, which provides a constant temperature water to the ESH. This valve can be 
adjusted to the set point water temperature SHT .  
 
 
Fig. 3. Flowchart of the two-reservoir SDHWS 
4.3. Configuration of the system in TRNSYS 
The SDHWS is configured in the TRNSYS software according to the model shown in Fig. 4. The 
symbols given in this figure, which are familiar to TRNSYS users, clearly suggest the components shown 
in Fig. 3.  
 
 
Fig. 4. TRNSYS model of the two-reservoir SDHWS 
4.4. System design parameters 
The system design parameters are given in Table 1. 
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Table 1. SDHWS design parameters 
Label Value 
Shower head temperature TSH 39 oC 
Water supply temperature 20 oC 
Insulation thickness of backup tank 0.1 m 
Insulation thickness of collector tank 0.05 m 
Volume of collector tank 130 liter 
Volume of backup tank 70 liter 
Tank orientation horizontal 
 
The water consumption profile (load distribution) was determined from data collected in the study 
reported in [2] and later analyzed in [1]. Figure 5 shows the hourly distribution for every day of the year.  
 
 
Fig. 5. Distribution of the hot water demand consumption per day 
5. System simulation strategy 
The proposed SDHWS shall be able to provide sufficient hot water at the temperature SHT  for all days 
of the year, according to the water demand. The backup tank is supposed to be heated up with auxiliary 
electric energy every day in the time period between 4:00AM and 6:00AM. An algorithm is  proposed to 
calculate the minimal necessary backup tank set temperature SETT , in order to provide enough hot water 
for all the day, in the circumstance a low solar energy availability is expected. The water stored in the 
backup tank is supposed to reach some temperature hT4 , right before 4:00AM every day. The water 
should be supplied to ESH at a fixed temperature CT oSH 39 . However, a temperature difference is 
necessary to face uncertainties arising from the calculations as well as from the weather forecast 
parameter estimates. The temperature difference is therefore a design variable that must be determined in 
advance. The temperature SETT  at 6:00AM shall not be smaller than CT
o
AD,MIN 43 , so that the 
temperature difference is fixed to 4°C. 
 
As a first step (step 1), the SDHWS is simulated with TMY data by assuming an arbitrary specified 
temperature SETT  for all days. This leads to a temperature hT4  for each day, which may be different from 
AD,MINT . The temperature difference between these two temperatures, hAD,MIN TTT 4 ' , is calculated by 
the software MATLAB for each day of the year. This temperature difference is added to the temperature 
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SETT  of the day N , where N  ranges from 1 to 365, after each TRNSYS simulation run, according to 
equation )TT(TT Nh
N
AD,MIN
N
SET
N
NEW,SET
1
4
 , where NSETT  is the temperature respective to the preceding run. 
The second simulation (step 2) is made, which leads to temperatures hT4 , which may be different from 
AD,MINT , because the heat losses normally changes due to the different temperatures of the storage tanks. 
However, it becomes closer to AD,MINT  in comparison to the temperature obtained in step 1. The 
calculation proceeds with the evaluation of NEW,SETT to be added according to the above equation. The 
simulation can be repeated many times. However, after three steps, the values hT4  for each day become 
pretty close to the minimal admissible backup tank temperature AD,MINT  as desired. After convergence is 
reached, the backup auxiliary energy is calculated for each day of the year.  
 
Figure 6 shows the distribution for the backup tank temperature and the ESH output water temperature 
for a sample of 10 days. This figure shows the results for three simulation steps. The plot respective to 
step 1 shows a particular day for which the temperature becomes lower than AD,MINT , which is shown as a 
dashed line. As can be seen, step 1 leads to temperatures 14
N
hT , which are shown not to be equal to AD,MINT  
for every day. The figure respective to step 2 shows temperatures updated, but not close enough to AD,MINT , 
and therefore a new run is required. The plot respective to step 3 shows that the temperatures 14
N
hT  are 
pretty close to the minimal admissible backup tank temperature CT oAD,MIN 43 . 
 
 
Fig. 6. Sample of days showing the backup tank temperature distribution in centigrade degrees for three simulation steps 
6. Weather forecast information 
The TMY data is assumed here to be a reference data for forecasting the solar radiation, in order to 
estimate the minimal necessary backup tank set temperature SETT  of each day. In most sites the solar 
radiation data is not available, but solely synthetic TMY derived from meteorological long period 
observation. Because of the lack of data, it is assumed here that the solar radiation profile of each day is 
estimated from TMY shifted one day backward. In other words, the solar radiation distribution of a day is 
the forecast radiation for the day after. The TMY data for Florianópolis is supposed to represent the most 
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critical case for evaluation of SETT . It is assumed that the simulation with TMY provides the basis to use 
the measured meteorological variables in each day in the site, to provide the forecast parameters for the 
respective day after. The forecast parameters enables one to heat up the backup tank up to the temperature 
SETT  each day. The plots shown in Fig. 7 (left) give the temperature distribution of the backup tank each 
hour and the respective hourly total of the global incoming solar radiation hI  provided by the original 
TMY series. The days sample considered is the same as that chosen for Fig. 6. It is assumed that Fig. 7 
(left) represents the case for which the uncertainty is due solely to the uncertainty associated to TMY 
itself. Figure 7 (right) shows the plots corresponding to the TMY data shifted. This figure enables one to 
conclude that the temperature SETT  obtained by using the original TMY can be obtained as well from the 
TMY shifted with acceptable errors. As can be seen in these figures, the temperature of the backup tank is 
inversely correlated with the global solar radiation available during each day. For days with expected low 
solar radiation, SETT is high, while for days of expected high solar radiation, SETT  is low. In Fig. 7 (right) 
two occurrences must be distinguished. If the solar radiation is underestimated, the temperature at 
4:00AM becomes higher than the minimal admissible backup tank temperature AD,MINT , which lead to a 
reduced solar energy gain. On the other hand, hot water is certainly available for the shower, without any 
need of further electric energy, and therefore the ESH is turned of. This can be seen for days 255 and 259 
in both figures. In the case the solar radiation is overestimated, the temperature of the backup tank 
becomes lower than 39oC. For these kind of days, electric energy should be provided to the ESH, as Fig. 7 
(right and left) show for the particular day 257. As can be seen in Fig. 7 (right), for the remaining days 
with overestimated solar radiation, the temperature margin of 4°C is sufficient to prevent the backup tank 
temperature from falling below the shower head temperature at the and of each day, as can be seen for 
days 256 and 258. 
 
 
Fig. 7. Backup tank temperature and respective solar radiation. Results from the original TMY series (left). Results from the TMY 
shifted series (right). 
7. Parametric results 
In spite of the fact a parameter sensibility analysis with respect to both tanks volume, SETT , collector 
area and collector efficiency parameters is carried out in [6], among all capital cities where the analysis is 
made, for the lack of space, only the results for Florianópolis is presented here. The parameters properly 
defined to evaluated the effect of the forecast TMY data on the ESH energy peak reduction are Ox  and 
Oy . The parameter Oy  is defined as the cumulative frequency of days for which the electric energy 
fraction is greater than Ox . The parameter Ox  is the ratio of the electric energy that is needed by the ESH 
during the peak hours, and the electric energy that would be needed in the case the whole amount of hot 
water would be heated up solely by the ESH, in order to fit the water consumption distribution of Fig. 5. 
The parameter Ox  is the inverse of the electric energy peak reduction fraction REDP . Another meaningful 
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parameter is the overload fraction m'  (%), defined as the fraction of the reference energy consumption 
distribution as given in Fig. 5, that exceeds the reference energy distribution considered. In other words, it 
is the ratio expressed in percent, of the difference of the energy exceeding the reference distribution for 
each hour and the reference energy demand in the same hour. Figure 8 (left) shows plots of the annual 
average solar fraction SOLf  (blue line) and the annual average peak energy reduction (red line), against the 
overload fraction m' . This figure enables one to conclude that for the reference energy consumption 
distribution considered, both fractions are not significantly reduced, even for the extreme situation of 
100% overload. Figure 8 (right) shows plots of Oy  against Ox  for constant overload. This figure indicates, 
for example, that for an overload of 100% (green line), 30% of days of the year require more than 10% of 
the total amount of the full electric energy demanded by the ESH in the peak hours. For an overload of 
20% (red line), around 8% of days of the year require more than 10% of the total amount of the full 
electric energy demanded by the ESH in the peak hours. For the case of no overload, only 7% of days of 
the year require almost none fraction of the total amount of the full electric energy demanded by the ESH 
in the peak hours. 
 
Fig. 8. Annual average solar fraction SOLf  and annual average peak energy reduction REDP  against different overloads m'  (left). 
Year fraction Oy  against peak energy fraction Ox , for different overloads m'  (right), for the proposed SDHWS 
For the sake of comparison, the simulation performed with the proposed SDHWS is also performed for 
a reference single reservoir SDHWS conjugated to the ESH. The total volume of both reservoirs is 200 
liters and the  collector area is equal to 2m2, which is of the same type of the cheap collector referred in 
[2], for which 670.)(F nR  WD  and Km/W.UF LR 2745 . Figure 9 (left) can be compared to Fig. 8 (left). 
This figure shows the peak reduction fraction is smaller than the peak reduction respective to the two-
reservoir SDHWS, for every overload considered. Figure 9 (right) shows plots of Oy  against Ox .  
 
 
Fig. 9. Annual average solar fraction SOLf  and annual average peak energy reduction REDP  against different overloads m'  (left). 
Year fraction Oy  against peak energy fraction Ox , for different overloads m'  (right), for the reference SDHWS  
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By comparing this figure with Fig. 8 (right), it is seen that the reference system considered is not 
effective in reducing the peak energy profile of the ESH, for every overload considered, besides the solar 
fraction is higher than the solar fraction respective to the proposed SDHWS.  
8. Conclusion 
The present paper reports the results of the simulation of a two reservoir solar collector system 
conjugated to electric showerheads. It is assumed that the TMY series shifted one day backward, can be 
used as a forecast data to determine the conditions under which the reduction of the power input of the 
electric showerheads can be reduced during the year. The presented results enables one to assume that the 
electric energy peak due to the electric showerheads conjugated to the solar energy system, could be 
flattened by a considerable amount in each day, in the circumstance meteorological data could be 
measured in each day. On the other hand, the system could be controlled as well, from forecast data 
within an horizon of 24h, currently available in several forecast services worldwide. The cost of the 
proposed system is increased by the cost of the backup reservoir. This cost may be compensated by the 
cost savings arising from the minimal cost of the electric energy that could be purchased if it would be 
used in the early hours of the day. In other words the cost savings comes from avoiding to pay for the 
highest penalty cost imposed by the electric utility companies, if the energy would be purchased in the 
peak hours period. Any subsidy coming in benefit to the SDHWS owners as a premium for saving exergy 
in the peak hours, could be an additional income to pay back the extra cost of the backup tank. It should 
be taken in mind, that the results obtained here underestimate the advantages that could be obtained for 
most part of the Brazilian territory, where both the available solar energy and the ambient temperature are 
higher, in comparison to the site considered for the case analyzed here.  
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